Hypochlorous acid (HOCl) is a potent oxidant produced by myeloperoxidase that causes aggregation of many proteins. Treatment of apohaemoglobin and apomyoglobin with HOCl produced a regular series of oligomer bands when the proteins were separated by SDS/PAGE under reducing conditions. Aggregation was detectable at a HOCl/protein molar ratio of 0.5:1 and was maximal at ratios of 10:1-20:1. Dimers formed within 1 min of adding HOCl, and further aggregation occurred over the next 30 min. No convincing evidence for covalent cross-linking was obtained by amino acid analysis, peptide analysis or electrospray ionization-MS of HOCl-modified apomyoglobin. The latter showed an increase in mass consistent with conversion of the two methionine residues into sulphoxides. A 5-fold excess of HOCl generated approximately three chloramines on the apomyoglobin. These underwent slow decay. Protein carbonyls were formed and were almost entirely located only on the polymer bands.
INTRODUCTION
Large numbers of neutrophils infiltrate sites of infection and act as the first line of defence against invading micro-organisms. When these cells are activated, they undergo an oxidative burst that results in the production of a number of oxidants, including hypochlorous acid (HOCl) [1] . [At pH 7.4, hypochlorous acid is present as its anion (hypochlorite) and the protonated form in almost equal amounts (pK 7.5). We use the term HOCl to describe this mixture.] This potent oxidant is generated from hydrogen peroxide and chloride in a reaction catalysed by myeloperoxidase [2] . HOCl is a strong microbicidal agent, capable of killing bacteria, fungi and viruses [1] . It also reacts readily with proteins and may be responsible for damage to host tissue at sites of inflammation. HOCl modifies proteins in a number of ways, including conversion of cysteine residues into disulphides and higher oxidation products, conversion of methionine into its sulphoxide, tryptophan oxidation, tyrosine chlorination and conversion of amino groups into chloramines [3, 4] . Protein carbonyls (aldehydes) can subsequently form from chloramines via the loss of HCl and hydrolysis of the imine [5] .
A striking finding with a number of proteins is the formation of polymers or aggregates on treatment with HOCl. Proteins that have been shown to undergo aggregation include fibronectin [6] , α s−1 casein [7] , apolipoprotein B and Lp(a) from LDL (low-density lipoprotein) [8] [9] [10] , apolipoprotein A-I from HDL (high-density lipoprotein) [11, 12] , ovalbumin [13] , α 2 -macroglobulin [14] and Mn-superoxide dismutase [15] . Other proteins, such as serum albumin [16] , glucose-6-phosphate dehydrogenase [17] and Cu/Zn-superoxide dismutase [18] , are much less prone to aggregation.
Abbreviations used: DNP, 2,4-dinitrophenylhydrazine; ESI, electrospray ionization; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MALDI-TOF, matrix-assisted laser desorption/ionization time of flight; TNB, 5-thio-2-nitrobenzoic acid. 1 To whom correspondence should be addressed (e-mail christine.winterbourn@chmeds.ac.nz).
Aggregation of proteins is attracting increasing interest as a pathological mechanism, for example in neurodegenerative diseases [19] [20] [21] . Protein aggregation by HOCl could contribute to inflammatory tissue injury, including the early stages of atherosclerosis. Modification of apolipoprotein B by HOCl is associated with high uptake of LDL by macrophages and the generation of foam cells. With HDL, apolipoprotein A-I oxidation is linked to impaired receptor recognition and lipid transfer [8, 9, 22, 23] . Immune complexes such as IgG-anti-IgG are crosslinked when they are incubated with activated neutrophils or the myeloperoxidase/hydrogen peroxide/chloride system, suggesting that such aggregation may be involved in autoimmune responses [24] . In addition, aggregation has been proposed to cause the lysis of red blood cells that occurs as a result of exposure to HOCl [25] . It may also lead to the disruption of normal tissue organization when fibronectin is oxidized at sites of inflammation [6] .
The mechanism of HOCl-mediated protein aggregation, and the properties that make some proteins more susceptible than others, have not been established. Aggregation has been observed as high-molecular-mass bands on SDS/PAGE or by size exclusion chromatography, even under reducing conditions, and is generally assumed to represent intermolecular covalent cross-linking of the protein. Cross-linking via dityrosine formation has been suggested [6, 7, 15] . In the case of the S100A8 protein of neutrophils, a sulphinamide linkage between an oxidized cysteine residue of one molecule and a lysine of another has been demonstrated [26] . This mechanism could operate for other proteins [27] , but not all the proteins that aggregate contain free thiols, so it cannot be a universal explanation. Lysine residues have been implicated in some studies, and a mechanism involving Schiff-base formation between an aldehyde generated as a result of chloramine breakdown and a lysine on another molecule has been proposed [7, 8, 13] . However, there is no direct evidence for this or indeed any covalent linkage.
In view of its potential significance for oxidative injury by neutrophils, we have sought to characterize the mechanism of HOCl-mediated aggregation and to identify the molecular changes involved. We have studied human haemoglobin and horse heart myoglobin, as well characterized model proteins that readily undergo aggregation, and used the haem-depleted apo forms to avoid complications due to the reaction of HOCl with the haem groups. By following aggregation by SDS/PAGE and MS, we found no evidence for covalent cross-linking, and conclude that aggregation is due to rapid, strong, non-covalent interactions between protein chains.
MATERIALS AND METHODS

Materials
HOCl was from Reckitt and Coleman, Auckland, New Zealand. Its concentration was determined either by using TNB (5-thio-2-nitrobenzoic acid) [28] or by measuring A 292 at pH 12 (ε 292 350 M −1 · cm −1 ). Taurine chloramine was prepared by adding an equal volume of HOCl (20 mM; pH 7.4) to a solution of taurine (100 mM) while vortexing. The chloramine content was determined after 10 min using TNB. Horse heart (met)myoglobin was purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Cyanmetmyoglobin was prepared by adding 1 mM KCN to a 10 mg/ml solution and removing excess KCN by gel filtration. The haemoglobin solution was prepared by lysis of washed human red blood cells and removal of membranes using carbon tetrachloride [29] , and was used without further purification.
The anti-dinitrophenyl-KLH, rabbit IgG fraction, biotin-XX conjugate (anti-DNP-biotin, where KLH is keyhole limpet haemocyanin and DNP is 2,4-dinitrophenylhydrazine) was purchased from Molecular Probes (Eugene, OR, U.S.A.) and the streptavidin-biotinylated horseradish peroxidase complex was from Amersham Life Sciences Ltd. All other chemicals were from BDH Laboratory Supplies (Poole, Dorset. U.K.) or Sigma. PBS, pH 7.4, contained 10 mM phosphate and 140 mM chloride.
Preparation of apohaemoglobin and apomyoglobin
The apoproteins were prepared by adding 1 vol. of either red blood cell lysate (0.1 g of haemoglobin/ml) or myoglobin (0.1 g/ml in water) to 9 vol. of ice-cold acidified acetone [ [29] . Solutions were centrifuged for 5 min at 500 g and supernatants discarded. Pellets were washed with ice-cold acetone, re-centrifuged, air dried, dissolved in water, then dialysed into PBS. Protein concentrations were determined using the Bio-Rad Protein Assay.
Treatment of proteins with HOCl
HOCl (typically 100 µl of 0.3-24 mM neutralized solution in PBS) was added to an equal volume of protein solution (10 mg/ml) while vortexing. This resulted in HOCl/protein molar ratios of between 0.5:1 and 40:1. Reactions were carried out at room temperature in PBS unless stated otherwise. They were stopped by the addition of SDS/PAGE loading buffer containing 5 % (v/v) β-mercaptoethanol to quench the HOCl. In cases where the proteins were not electrophoresed after HOCl treatment, methionine or thiodipropionic acid was added at fives times the final HOCl concentration to stop the reaction.
SDS/PAGE
A discontinuous mini-gel system, consisting of a 7-18 % (w/v) acrylamide gradient separating gel and a 3 % (w/v) stacker gel, was used to separate aggregated proteins [30] . Samples were diluted into loading buffer containing 5 % (v/v) β-mercaptoethanol and the gels were run at 200 V (constant) and 50 mA for approx. 50 min. Gels were stained overnight with colloidal Coomassie Blue.
Detection of protein amine groups and chloramines
Protein amine groups were detected with fluorescamine [31] . Chloramine content was determined by adding aliquots of protein solution to solutions of TNB while vortexing, and measuring the decrease in absorbance at 412 nm (ε 412 14 100 M −1 · cm −1 ) after 5 min in the dark [28] . Unreacted HOCl, as distinct from protein chloramines, was detected by reaction with monochlorodimedon as described previously [3] .
Amino acid analyses
Apomyoglobin was treated with a 5:1 molar excess of HOCl for 15 min and the reaction was stopped by the addition of methionine. The protein was separated by size exclusion chromatography on a Sephacryl S-100 column equilibrated with PBS into two peaks, one running in the monomer position and the other aggregate fraction eluting in the exclusion volume. Both fractions were hydrolysed overnight in 6 M HCl. Amino acid analysis was performed after derivatization with o-phthalaldehyde by HPLC using an Adsorbosphere OPA (Alltech) column with fluorescent detection [excitation wavelength (λ ex ) 325 nm; emission wavelength (λ em ) 465 nm] [32] .
Dityrosine was detected in acid hydrolysates by reversephase HPLC using a Brownlee SPHERI-5 ODS column with fluorescent detection (λ ex 280 nm; λ em 400 nm) and water containing acetonitrile (8 %, v/v) and trifluoroacetic acid (0.1 %, v/v) as solvent. A dityrosine standard was prepared by reaction of 1 mM tyrosine with 100 µM hydrogen peroxide in the presence of 10 µg/ml horseradish peroxidase [33] .
The fluorescence due to tryptophan residues was measured at excitation and emission wavelengths of 275 and 355 nm respectively. The appropriate wavelengths were determined on the basis of spectral scans of L-tryptophan.
Succinylation of apomyoglobin
Solid succinic anhydride (50 mg) was added to 4 ml of treated or untreated apomyoglobin solution (4.5 mg/ml in 0.5 M borate buffer, pH 8.8) to give a 25-fold excess of anhydride over protein amine groups [34] . The anhydride was added slowly and the pH was monitored. When necessary, 5 M NaOH was added to maintain the pH at 8.8. Samples of the treated protein were diluted into equal volumes of loading buffer and loaded on to 12 % gels for SDS/PAGE.
Determination of protein carbonyls
Proteins were treated with HOCl or taurine chloramine and then reacted with DNP prior to electrophoresis as described by Levine et al. [35] . SDS/PAGE gels were run as described above and then electroblotted for 1 h at 100 V using a Bio-Rad Transblot apparatus. Carbonyls were detected on the blots using anti-DNPbiotin [35] followed by streptavidin-biotinylated horseradish peroxidase complex with peroxidase staining. Total protein carbonyls were also quantified by ELISA after derivatization with DNP and reaction with anti-DNP-biotin [36] . The assay was calibrated with HOCl-modified serum albumin which was standardized colorimetrically. It has been shown previously that there is a linear relationship between concentrations measured by ELISA and colorimetrically when albumin is treated with increasing concentrations of HOCl [36] .
ESI (electrospray ionization)-MS
Control and treated apomyoglobin samples were dissolved in a solution of 30 % (v/v) acetonitrile and 1 % (v/v) formic acid at a concentration of 0.15 mg/ml. Aliquots of 10-20 µl of each sample were injected directly on to a VG Platform quadrupole analyser operating in positive-ion mode at a flow rate of 10 µl/min. The source was maintained at 60
• C and the probe was charged at + 3000 V. Mass ranges of 700-1800 m/z were scanned every 2 s. A cone voltage ramp of 40-80 V was applied over the m/z ranges. The charge series generated from the α chain of human haemoglobin was used as a calibration standard [37] . Data were processed using Mass-Lynx software and transformed on to a true molecular mass scale using maximum entropy software supplied with the instrument.
MALDI-TOF (matrix-assisted laser desorption/ionization time of flight) MS of tryptic digests
Apomyoglobin was treated with a 5-fold molar excess of HOCl for 15 min and electrophoresed as described above. The gel was negatively stained with CuCl 2 [38] . Dimer and monomer bands were excised and the gel fragments destained, suspended in 20 µl of 0.1 M ammonium bicarbonate, pH 8, containing trypsin (0.5 µg), crushed and incubated for 2-3 h at 37
• C [39] . Peptides were extracted by repeated sonication of the gel fragments in a 1:1 (v/v) solution of acetonitrile and 0.5 % (v/v) trifluoroacetic acid. Resulting peptide supernatants were lyophilized, suspended in 0.5 % trifluoroacetic acid and then mixed 1:1 (v/v) with a solution of 10 mg/ml α-cyano-4-hydroxycinnamic acid in acetonitrile and 0.5 % trifluoroacetic acid. Monoisotopic masses were obtained in positive-ion reflector mode with an accelerating voltage of 20 000 V, a grid voltage of 74 %, a delay time of 100 ns and no voltage on the guide wire. Masses were calibrated with a close external standard containing angiotensin I (m/z 1296.69) and corticotropin-(18-39) (m/z 2465.20). All spectra were analysed using PerSeptive GRAMS/32 software.
RESULTS
Characteristics of the aggregation reaction
Treatment of human apohaemoglobin and horse heart apomyoglobin with HOCl produced high-molecular-mass polymers that could be separated by SDS/PAGE under reducing conditions. As shown in Figure 1 , apohaemoglobin gave bands that ran in positions corresponding to dimers, trimers, tetramers and highermolecular-mass complexes. Dimers were formed at the lowest ratio used of 0.5 mol of HOCl per mol of apohaemoglobin. Trimers and tetramers became evident at ratios of 1:1 and 2:1, and larger aggregates were produced at higher ratios. With the largest amounts of HOCl, the distinct pattern of aggregation was 
Figure 2 HOCl-mediated aggregation of (A) apomyoglobin and (B) cyanmetmyoglobin
The proteins were treated with HOCl for 15 min at the molar ratios shown and separated by SDS/PAGE. The positions corresponding to the protein monomer (16.9 kDa), dimer (33.9 kDa), trimer (50.8 kDa) and tetramer (67.8 kDa) were determined from the mobilities of marker proteins and are marked with arrows. The gels are representative of two or more experiments.
lost and the proteins ran as a smear. This could be due either to formation of aggregates that were too large to enter the separating gel, or to fragmentation [16, 40] . Varying the concentrations of apohaemoglobin and HOCl but keeping the molar ratios the same did not affect the extent of aggregation (results not shown).
Polymer bands were also seen with apomyoglobin, at comparable molar ratios of HOCl to those used with apohaemoglobin ( Figure 2A ). To ensure that aggregation was not peculiar to the apoproteins, which have less organized structures and greater instability than the native forms, cyanmetmyoglobin was also examined. The binding of cyanide decreases the susceptibility of the haem group to oxidation and makes it unreactive with HOCl. Cyanmetmyoglobin was aggregated when treated with HOCl, although the higher ratio of oxidant to protein of 10:1 was required to generate dimers ( Figure 2B ).
Time course of the aggregation reaction
The time course was investigated with apohaemoglobin and a 5-fold molar excess of HOCl. HOCl concentration measurements showed that approx. 90 % was consumed in the first 30 s, with less than 5 % still present after 3 min. Formation of protein dimers occurred within 30 s, coinciding with the period when most of the HOCl reacted with the protein (Figure 3 ). Trimers and tetramers gradually became evident after 5 min or more of treatment, and higher aggregates accumulated over 45 min. The pattern of aggregation was unchanged after 72 h at room temperature (results not shown). The reaction could not be reversed by the addition of reducing agents such as mercaptoethanol or by boiling the treated proteins in SDS/PAGE loading buffer. A similar time course was seen with apomyoglobin (results not shown).
Involvement of chloramines and protein carbonyls in aggregation
The most susceptible amino acids to oxidation by HOCl include cysteine, methionine, tyrosine, tryptophan and lysine [3, 41] . As all gels were run under reducing conditions, aggregation was not due to the generation of disulphide bonds. Furthermore, the lack of cysteine residues in horse myoglobin rules out the involvement of this residue in the process.
Apomyoglobin contains 19 lysine residues plus the N-terminal amine. The conversion of these amino groups into chloramines was followed over the period during which aggregation occurred. Within 1 min of treating apomyoglobin with a 5-fold excess of HOCl, 20 % of the total amino groups were lost ( Figure 4A ). There was little further decay. Chloramines at 5 min accounted for 60 % (3 of the 5 mol) of the HOCl initially added to the protein ( Figure 4B ). Approximately one-third of these chloramines decayed over 60 min.
The involvement of chloramines in aggregation was followed by adding methionine to apomyoglobin at 1 min, when all of the HOCl had reacted with the protein. Chloramines are reduced by methionine (and other thioethers such as thiodipropionate) back to the parent amines. At the 1 min time point, most of the dimerization had already occurred. Further incubation resulted in the accumulation of high-molecular-mass aggregates, which was impaired, although not prevented, when methionine ( Figure 5 ) or thiodipropionate (results not shown) was present. The effect was most evident after a 15 min incubation ( Figure 5 ). These results point to a role for chloramines at least in the latter phase of the aggregation process. As chloramines are potential precursors of protein carbonyls [5, 8] , we determined whether carbonyls were formed during protein aggregation. When HOCl-oxidized apomyoglobin was treated with the carbonyl reagent DNP, analysis by ELISA showed substantial formation of carbonyls within 15 min and a further increase at 1 h ( Table 1) . The relationship between carbonyl formation and aggregation was examined by SDS/PAGE and Western blotting with an anti-DNP antibody ( Figure 6A ). With apohaemoglobin, carbonyls were present in all of the oligomeric bands, with the monomer showing only low-intensity staining at the higher oxidant exposure. With apomyoglobin, carbonyls were associated predominantly with the higher-molecular-mass aggregates, and were almost undetectable in the monomer. This contrasts with the protein gel ( Figure 6B ) in which the oxidized monomers were major bands. Data from densitometry scans show 
Table 2 Comparison of protein gels and carbonyl blots for relative intensities of monomer and polymer bands after treatment of apohaemoglobin and apomyoglobin with HOCl
Percentages were determined by densitometry from the results shown in Figure 6 . The carbonyl content and the proportions of dimer and polymer in the untreated proteins were set at zero. Band X represents the band just above the monomer, present only in the apohaemoglobin blot.
Density distribution (%)
Apohaemoglobin that there were proportionately more carbonyls on the higher polymer bands (Table 2) .
Amino acid modification
If HOCl causes covalent linkages between the polypeptide chains, new products derived from cross-linked amino acids would be expected on amino acid or peptide analysis. To investigate this, apomyoglobin was treated with HOCl and, after stopping the reaction at 15 min, was fractionated into two peaks using size exclusion chromatography. Aggregated protein was eluted at the exclusion volume, and oxidized monomer had the same retention time as the untreated protein. There was no evidence of discrete polymers, and SDS/PAGE of the aggregated protein showed predominantly high-molecular-mass material and only a minor band in the dimer position (results not shown). Amino acid analysis identified only one new product that was not present in the monomer or untreated control. It co-eluted with authentic α-aminoadipic acid, a known oxidation product of lysine derived from breakdown of lysine chloramine [7, 42] . The dityrosine and 3-chlorotyrosine content of HOCl-treated apomyoglobin accounted for less than 0.1 % and 0.4 % respectively of the two tyrosine residues in the protein. Treatment with HOCl led to gradual decrease in protein fluorescence attributable to the two tryptophan residues, with a 15 % loss over the first 5 min.
Tryptic digests of control apomyoglobin and oxidized monomer and dimer, isolated from SDS/12 %-PAGE slab gels, were compared using MALDI-TOF MS. There was no clear evidence of novel peptides in the dimer that could have arisen from covalently cross-linked protein. The yield of the N-terminal tryptic peptide (residues 1-16) was decreased in the dimer compared with the control and monomer. The residues in this peptide most susceptible to HOCl are the N-terminal amino group and two tryptophan residues. The peptide corresponding to residues 119-133 was absent in the dimer and a new peak at M+16 was present. This peptide contains methionine at position 131, and the increased mass could be explained by its oxidation by HOCl to give the sulphoxide. This peptide was also partially oxidized in the oxidized monomer. The peptide containing methionine-55 was not evident in the digest, and no other unusual peptides were detected in the dimer.
ESI-MS of HOCl-treated apomyoglobin
On ESI-MS, control apomyoglobin had the predicted mass of 16 949 Da (Figure 7A ), while the mass of the HOCl-treated protein was 16 981 Da ( Figure 7B ). This increase of 32 Da is equivalent to the addition of two oxygen atoms, and could be accounted for by oxidation of the two methionine residues to methionine sulphoxides. The mass increase is unlikely to be due to chloramine (replacement of H with Cl would give an increase of 34 Da), as chloramines had been reduced prior to analysis. Peaks near M + 23 were seen in both samples and are likely to be sodium adducts. There was no convincing evidence for the presence of a covalently linked dimer in the HOCl-treated apomyoglobin. A small peak with a mass of 33 962 Da was seen. However, its signal was only 5 % of that of the monomer peak, which is much less than the proportion of dimer seen by SDS/PAGE. Also, it had a mass exactly twice that of the 16 981 Da peak, and is most probably a gas-phase 2M + 1 species that did not dissociate during analysis.
Reversal of aggregation by succinylation
With no convincing evidence for covalent cross-linking, we investigated whether the polymer bands on SDS/PAGE represented the products of non-covalent interactions between protein chains that could be dissociated by treatment with succinic anhydride. Succinylation converts positively charged amines into negatively charged carboxylates, leading to increased electrostatic repulsion and expansion of the protein [34] . In the absence of succinylation, a typical pattern of aggregation was observed when apomyoglobin was treated with HOCl. However, when the protein was succinylated after HOCl treatment, the aggregates dissociated and the pattern of protein staining was similar to that seen when control protein was succinylated (Figure 8 ).
Comparison of HOCl and taurine chloramine treatment of apomyoglobin
To investigate whether methionine sulphoxide and protein carbonyl formation are critical for aggregation, apomyoglobin was treated with taurine chloramine. Treatment of proteins with chloramines has been shown to cause methionine oxidation but very little carbonyl formation [43] . We first established that this was the case with apomyoglobin. As shown by ESI-MS ( Figure 7C ), taurine chloramine caused the same mass increase as did HOCl, consistent with oxidation of the two methionine residues to sulphoxides. However, protein carbonyl formation at 15 min was only about 3 % of that seen with HOCl (Table 1 ). In contrast with HOCl, taurine chloramine caused very little aggregation of the apomyoglobin (Figure 9 ). After 15 min, there was no more dimer than in the control. An increase in intensity of the dimer band was just evident at 1 h with the 10:1 HOCl/protein ratio, coincident with an increase in carbonyl content (Table 1 ). 
DISCUSSION
We have shown that HOCl caused aggregation of apohaemoglobin and apomyoglobin to give a regular series of oligomer bands on SDS/PAGE under reducing conditions. Aggregation required low amounts of HOCl, with dimers detectable at 0.5 mol of HOCl per mol of protein; maximum aggregation was seen at molar ratios of 10:1-20:1. Dimers were formed within 1 min, when all of the HOCl had been consumed, and further aggregation occurred over the next 30 min. Methionine slowed aggregation, suggesting the involvement of chloramines, at least in the latter stage of the process. However, it was not reversed by methionine or thiol reductants.
Of the amino acid residues that are susceptible to HOCl, the involvement of cysteine in aggregation can be ruled out, as it is not present in horse myoglobin. At a 5:1 molar ratio of HOCl to protein, evidence from MS indicated that both methionines were converted into sulphoxides. There was also rapid loss of approx. 20 % of the 20 amino groups in the protein and recovery of approx. 3 of the 5 mol of HOCl as chloramines. Therefore methionine sulphoxides and chloramines can account for the HOCl consumed. Losses of tryptophan and tyrosine were minor. Gradual decay of the chloramines during the course of the reaction was the likely source of the protein carbonyls that accumulated. From other studies [44] [45] [46] we would predict that the main source of carbonyls was the less stable chloramine formed on the Nterminus.
Based on the formation of distinct dimers and polymers of apohaemoglobin and apomyoglobin that withstood dissociation with SDS, we expected that aggregation by HOCl would involve covalent cross-linking. However, we found no evidence for this mechanism. There was little if any dityrosine formation, and the absence of cysteine involvement also excludes sulphinamide or sulphonamide bonds between oxidized thiols and ε-amine groups of lysine residues on different chains, as observed with model peptides and the S100A8 protein of neutrophils [26, 27] . Covalent linkage via Schiff bases, as has been proposed [7, 8] , is also not supported by our data. These linkages should dissociate when treated with DNP [47] , rather than the aggregate bands being retained, as we observed. We also saw no new products on amino acid or peptide analysis that could have arisen from a covalent link between two amino acids.
Other findings also point to aggregation being non-covalent. The strongest evidence in favour of this conclusion is the dissociation of aggregated apomyoglobin when its negative charge was increased by succinylation. The resultant increase in electrostatic repulsion between chains was sufficient to allow the aggregates to break apart on SDS/PAGE. ESI-MS analysis, showing that almost all of the protein was monomeric and only a small peak at exactly twice the monomer mass, also supports a non-covalent linkage. SDS-resistant non-covalent aggregation has been observed for other proteins [48, 49] .
We propose that the mechanism of aggregation involves unfolding of the protein and an increase in surface hydrophobicity. This mechanism has been proposed for other oxidized proteins, and can be achieved through oxidation of methionine residues to sulphoxides [50] [51] [52] . Because the sulphoxides are more hydrophilic, they tend to move from internal positions to a more aqueous environment, exposing neighbouring hydrophobic residues [51] . However, generation of methionine sulphoxide alone is not sufficient to explain the aggregation of apomyoglobin. Despite conversion of both methionine residues into sulphoxides on treatment with HOCl, not all of the protein was aggregated. Protein carbonyls appear to play a critical role. Western blotting with an anti-DNP antibody produced the striking finding that protein carbonyls were present predominantly in the higher polymer bands. Furthermore, treatment with taurine chloramine, which caused methionine oxidation, produced few protein carbonyls and caused no aggregation. Carbonyl groups should increase hydrophobicity by replacing positively charged amines, and it may be a combination of protein carbonyl and methionine sulphoxide formation that leads to aggregation. However, it is likely that chloramines also contribute, particularly in the rapid phase of dimer formation. Little conversion into carbonyls would be expected during that time, and, in the case of apomyoglobin, the dimer band showed relatively little carbonyl staining. As chloramines are not charged at neutral pH, they should favour hydrophobic interactions. Also, chlorine exchange is slow, so few chloramine groups should form on the protein during exposure to taurine chloramine. A role for chloramines and/or carbonyls in aggregation is also implied from studies of LDL in which the blocking of amine groups caused inhibition [9] .
We used the apo forms of myoglobin and haemoglobin to avoid HOCl reacting with the haem groups, but also observed aggregation of cyanmetmyoglobin. The higher concentrations of HOCl needed with cyanmethaemoglobin could be due to greater modification being required to disrupt the more ordered structure conferred by the haem groups. Many proteins have been shown to aggregate when treated with HOCl [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Covalent cross-linking has often been assumed, but the same mechanism as described here could apply. The resistance of some proteins to aggregation [16] [17] [18] could reflect a lesser degree of unfolding and exposure of hydrophobic regions.
Protein misfolding, as a result of either mutation or posttranslational modification, is now well recognized as a pathological mechanism [20, 21] . Aggregated proteins are formed during aging [53] , in diabetes [21] and in neurodegenerative diseases, including Creutzfeldt-Jacob disease, Huntington's disease, Alzheimer's disease and Parkinson's disease [19, 21, 54] . Mechanisms exist to remove damaged, partially oxidized proteins. The exposure of hydrophobic residues as a result of oxidationinduced protein unfolding triggers degradation by the 20 S-26 S proteasome complex [55] . This is enhanced by the presence of a few oxidized amino acids [56] , but highly aggregated proteins are poor substrates for proteolysis. They can impede clearance and result in the storage of other oxidized proteins [53] .
Protein modification by HOCl has received most consideration in relation to atherosclerosis, where both LDL oxidation and myeloperoxidase are implicated [57] . Aggregation of apoprotein B could be responsible for the uptake of LDL by the scavenger receptor [8, 9] , and apoprotein A-I aggregation is associated with aberrant recognition and lipid processing by HDL [12, 22] . HOClinduced membrane lysis could also be a result of non-covalent protein aggregation [25] . However, the mechanism could have much wider implications in inflammatory conditions where HOCl is produced by the action of myeloperoxidase. Our findings that non-covalent aggregation is rapid and requires relatively few residues on the protein to be modified suggests that it could be one of the more favourable reactions of HOCl. Outcomes could be altered function and the accumulation of damaged protein at sites of inflammation.
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